Abstract-This paper describes novel designs for magneto-optic and electro-optic crystal sensors providing potentially separate and combined current and voltage measurement. The results of testing programmes are presented and details of the work associated with field trials given.
I. INTRODUCTION
A prerequisiste for safe, stable operation of an electric power system is accurate, reliable measurement of the system parameters, in particular, current and voltage. Traditionally this has been achieved on High Voltage (HV) systems by expensive, bulky iron-cored current transformers (CTs) and capacitor voltage transformers (VTs). Both these devices are increasingly coming under review in modern Power systems due to their cost, I.Andonovic, Member Optoelectronics Division University of Strathclyde, U.K.
The authors believe that the ideal C T and VT replacements will be all optical devices ensuring reductions in size and weight and offering inherent electrical safety, and being of an "unlinked" nature enabling the devices to be retrofitted and suitable for temporary installations allowing, for example, load current monitoring or condition monitoring of plant. The devices should be able to be installed with little or no lifting gear and in a minimum of time.
In parallel to the development of the sensors and associated opto-electronics, work is also necessary to integrate optical C T and VT replacements with modern metering and protection systems, for example an electronic interface between an optical current sensor and a microprocessor based protection relay. safety implications for personnel and surrounding plant if failure occurs, installation time and indeed substation land requirements.
An interesting extension of this work would be a combined optical current and voltage measurement device, employing a single polymeric insulator stack with embedtic method of providing cheap, safe isolation between the 11. OPTICAL CURRENT MEASUREMENT DEVICE chosen sensor at phase potential and earth. The sensor itself is either, in the case of current measurement, one of a number of hybrid devices incorporating a C T and the relevant opto-electronics required to transmit the measurand quantities to ground, a partial iron-core with a Faraday rotator cell located in the air-gap, or as defined in this paper, an all optical Faraday rotation device. In the case of voltage measurement the sensor is generally a Pockels or Kerr effect device measuring a fraction of the actual phase voltage by employing a capacitive voltage divider.
The type of optical current sensor chosen by the authors as being the most applicable to modern power systems is the "unlinked" type. The term unlinked refers to the fact that the magneto-optic medium does not fully enclose the conductor of interest and implies that the device does not provide a direct measure of current. As proved later, an unlinked device measures the magnetic field strength surrounding the conductor and requires calibration to produce a current measurement.
The magneto-optic medium used in the current sensor under discussion is a crystal of Terbium Gallium Garnet (TGG). A crystal material \va% chosen for the sensor because it offered the best compromise of sensitivity, robustness, cost and 111anufacturability of a Sensor head.
The principle of operation of the current sensor is the larised light ray propagating through a magneto-optic medium in the presence of an external magnetic field undergoes a rotation of the plane of polarisation propor-95 w'M 047-1 PWRD * P P r recpmmended and by the IEEE Power System Instnunentation ' 
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where V is the Verdet constant of the material (radians/ampere-turn), H is the magnetic field strength (ampere-turns) and is assumed to be constant over the interaction length, and 1 is the interaction length between the light and the magnetic field in the material (metres). Equation (1) can be rewritten by taking an interaction length 1 that encircles the conductor. This would repreequation. By applying Amperes Law, equation (2) can be rewritten to express e directly in terms of I, the conductor current (amperes). e = VNI (3) where N is the number of turns encircling the conductor.
It should be noted however that such linked current sensors require very careful fabrication if they are to accurately conform to equation (3) . For example in bulk optic linked sensors, where several lengths of magnetooptic glass are bonded together to encircle the conductor, great care is required to ensure that the angle of internal reflection at the boundaries of each block are at the aptly named critical angle, to ensure correct propagation of a linearly polarised light ray. If the angle of reflection deviates by as little as 0.lo, the sensor becomes less sensitive and can be affected by the position of the conductor within the glass loop and even to external magnetic fields [l] . Wound optical fibre linked sensors, using the fibre as the sensing medium, can have similar problems unless highly circular birefringent fibres are employed [2] .
The critical angle mentioned is also observably tempera h r e dependent and consideration must be given to the stability of the fabricated sensor for an expected lifetime of 40 years.
The optical system developed by the authors is shown in figure 1 . The sensor head, incorporating the TGG crystal, polarisers and graded index (GRIN) lenses, is Iocated in a robust PTFE housing which allows for easy connection of the addressing optical cables by means of standard SMA optical connectors. The sensor is approximately 2"x1.5"xlt' in size, and a range of fixing clamps have been produced to secure the sensor to both rectangular and circular section conductors.
has a quoted Verdet constant of 82 pradians/ampere-turn at 800nm [3] and a 1/T temperature dependence [4] .
RESULTS
The Faraday rotation caused within the TGG crystal is measured by transforming the rotation to a modulation of the transmitted light intensity, by passing the light through a polariser. This analysing polariser is orientated with its axis of transmission at 45" to the linear input polarisation state. As a consequence, the electrical voltage output of the optical current sensor is given as, (4) where D is the sensor output response voltage, k is the photodetector responsivity in volts/watt and I, is the optical system light intensity in the absence of Faraday rotation.
Equation 4 is obviously a non-linear function of 8 , but over a defined region can be taken as approximately linear. (A straight line drawn through the 45" point, using the gradient at that point, is within 0.1% of the output of eqn. 4 for f4.9" from the 45" point). Figure 2 shows the current response of the optical sensor to a continuous 50Hz current from 200A to 26kA. Three individual current tests over this range were performed, the data collated and a line of best fit for all the combined data produced. The quoted errors shown on Figure 2 indicate the percentage deviation of the actual data from the line of best fit. It should be noted that large errors were obtained at low current values (< 600A) due to the difficulty i n accurate measurement of the actual conductor current ( A class 0.1% 100,000/5 amp CT was used into a 0.1R burden and was compared to the optical sensor output. Note that at zero current the voltage measured across the burden using a digital voltmeter showed 0.86mV~172amps which would introduce noticeable low Terbium Gallium Garnet is a paramagnetic material and, belonging to crystal class m3m, is not susceptible to any undesirable electro-optic effects. The sensor has been tested at voltages up to 300kV with negligible current present, and no effect o n device output was noted. TGG current errors. The sensor output was also measured USing a digital voltmeter). In addition there was a poor signal-to-noise ratio at such low currents and IOW values of Faraday rotation. An improved photodetector design will help to solve this problem.
PhaseA PhaseB PhaseC (amps) (amps) The optical sensor response to short circuit currents was also tested. This was performed by switching on a current of 18kA for approximately 10 cycles. Point-onwave switching was not applied. Figure 3 shows a typical sensor output and indicates that the sensor responds to asymmetric fault current waveforms. (The graphs show some spurious spikes which are believed to be due to noise pickup on the Nicolet recording system from neighbouring equipment). Previous testing has indicated that the optical sensor will respond to currents up to at least 75kA, without showing any appreciable waveform distortion. This implies the sensor has a very large dynamic range, from less than 10 amps (@ 20% error) to over 75kA (achieved during short-circuit testing) using a single device, and has the potential to perform both metering and protection functions.
As mentioned earlier parallel development is required to successfully integrate optical sensors with, in the first inslance, modern microprocessor based protection relays. A i l electronic interface to an overcurrent protection relay has been produced and tested, and a typical result is shown in figure 4 .
The relay was set to trip using the 'high set' instantaneous trip facility, on a setting of 6 times rated current.
The time to trip of 34ms is close to the time given in the manafacturers data sheet of 32ms [5] .
Iv. PROBLEMS RELATING TO THE OPTICAL DEVICE
Unfortunately the practical application of optical current sensors is not without its own unique problems. The three main problems affecting the operation of the authors device are: cross-talk effects from neighbouring conductors; vibration of the optical system; temperature.
A. Cross-talk An unlinked device is susceptible to interference from the magnetic fields of neighbouring conductors. Whilst it is possible to identify areas of minimal cross-talk for given three phase busbar arrangements (only the component of magnetic field along the direction of propagation of the light through the TGG crystal causes Faraday rotation) tliis would necessitate careful magnetic field modelling of all possible installation sites. The following table shows the results of cross-talk tests on a parallel horizontal 3 phase busbar configuration with a 5" conductor separation distance (corresponding to 11kV air insulated spacings). The sensor is mounted on phase B.
From the above table we see that for a 'worst' case (smallest separation) the inter-phase coupling can be kept to less than 1% through correct siting of the sensor. A more practical solution would be to provide magnetic shielding of neighbouring phases by using for example a p -m e l d enclosure. This enclosure could also provide environmental protection for the sensor head and create an equipotential surface surrounding the sensor to prevent electrical discharge activity.
The fibre tails to and from the sensor head could be connected to the phase conductor by means of an existing , non-supporting insulating pillar having embedded optical fibres.
B. Vibration
Vibration effects on the optical system manifest theniselves as unwanted light intensity modulations and therefore constitute a source of noise [6]. The vibrations could he caused by circuit breaker operation, environmental conditions or human interference.
The authors have developed a dual wavelength -referenced vibration compensation scheme. This consists of propagating two separate wavelengths of light through the system, one to provide the measured signal the other to provide a reference signal for light intensity changes other than those caused by the Faraday effect. During testing (the sensor head was mounted on a vibration table) this scheme has shown varied levels of success for example, showing resonance type behaviour dependent on the mounting structure used and a differing ratio of response from each wavelength with respect to vibration frequency. It is believed that employing SMA optical connectors threaded directly to the sensor head instead of pigtailing the fibre has caused much of these effects due to movement of the connector ferrules in their alignment bores.
A further result from the vibration testing, performed using a vibration rig from lOHz -600Hz and from l g to log, was the reduced susceptibility to vibration interference at higher frequencies. This is believed to be due to the reduced displacement occuring at higher frequencies for a constant acceleration. Whilst this could be impleinented physically by a short section of busbar and flexible connections to the external circuit, this would negate t.he intended sensor advant,age of ease of retrofitting to existing circuits and the use of noii-supporting insulator strings .
C.
Temperature TGG crystals have a 1/T temperature dependence and would require compensation for practical applications. The authors have developed a scheme using two different crystal materials to provide a temperature measurement and thus control an AGC system for the TGG sensor. The principle of operation is to take a ratio measurement of the two crystal's Faraday rotation signals, thereby giving a temperature measurement as shown in figure 5 . The crystal types used require full temperature characterisation before implementing the scheme. For successful use of this technique both input Faraday rotation signals require sufficient vibration comptnsation. In light of the observations regarding the vibration compensation scheme mentioned above the authors believe tliis system can be developed, by suitable mechanical design changes to the sensor head, to provide the necessary vibration free input signals. susceptibility to fast thermal transients is reduced by the P.T.F.E. sensor head (P.T.F.E. has a low thermal conductivity).
An additional advantage to this novel scheme over more 'conventional' temperature compensation systems employing optical thermometers or similar, is that an element of inherent redundancy would be in-built to the system to provide current readings in the case of failure of one crystal sensor system.
V. VOLTAGE SENSOR
The voltage sensor described is again the "unlinked" type, and as such will take an electric field measurement.
A voltage measurement can be inferred from this if the system has previously been calibrated on site. Research is being carried out to exploit the small size of the sensor by possibly embedding it in switchgear. The advantage of this would be that the large voltage dividers which normally accompany optical voltage measurement devices would no longer be necessary.
Bismuth silicate, Bil2SiO20, or BSO is used as the sensing medium. As BSO has the point group symmetry 23 neither natural birefringence nor pyroelectricity pose a problem. Optical activity or rotary power, however: is a property of BSO. This leads to a complicated function of sensitivity with respect to the length of the light path within the crystal, leaving it difficult to adjust. This factor has led some other authors to settle for a less sensitive medium [7, 8, 91 .
A . The prototype sysiem
The overall system and a breakdown of the components in the sensor head, are shown in Figure 6 . The sensor described here uses a 2mm diameter BSO rod of 15" in length as the sensing medium. The crystal is grown such that it is sensitive to longitudinal electric fields. The components at the head are held in a PERSPEX housing measuring 25x25x75mm. POLARCOR polariser then a quarter-waveplate produce a circularly polarised beam which is then incident on the crystal. The Pockels effect causes a change in the polarisation ellipse [lo] and this is transduced to an intensity modulation by an analysing polariser. A GRIN lens is used to focus the light into the return fibre which transmits the signal to a photo-diode based detector remote from the high voltage. The detector transduces the intensity modulated signal to an electrical signal which takes the form of an AC modulation superimposed on a DC level. This forms the measurable output of the system.
B. The Pockels Electro-opiic effect
The Pockels electro-optic effect can be described as the property of a material to become birefringent when placed in an electric field. Birefringence results. in two waves, polarised orthogonally to one another, propagating with different velocities. As a result a phase difference is introduced between them. This produces a change in the elliplicity of polarised light which can be transduced to an intensity modulation by means of an analysing polariser. The Pockels effect alone, in the absence of optical activity is described in reference [ll] and the following equation characterising the linear birefringence is derived.
where A p is the net phase difference induced per unit length of the sensing medium, A is the wavelength of the light used, no is the refractive index of the crystal, r is the linear electro-optic coefficient of the sensing medium, E is the internal field and z is the length of the crystal.
The relationship between the internal field E and the external field, to which the sensor is exposed, is governed by both the permittivity of the crystal and its shape. The relative permittivity of BSO is 47, but using a crystal with a high slenderness ratio improves the internal field.
If the conductor/sensor configuration is known and therefore the field distribution defined, a voltage measurement can be inferred from the sensor output.
C. Optical Aciivity
Using BSO as a sensing medium complicates characterisation of the system due to the necessity to include optical activity in the calculations. A substance is optically active if it exhibits a different refractive index for each of the two states of circularly polarised light. This results in a phase difference being introduced between the two modes as they propagate through a medium. A linearly polarised input light wave can be resolved into two circularly polarised waves, with opposite directions of rotation. In an optically active medium, a phase difference is induced between the two waves resulting in a rotation of the plane of polarisation of the input wave. Optical ' activity is described by the parameter 28 as the difference in propagation constants of two circularly polarised waves in the absence of linear birefringence. BSO is naturally optically active and 6 = 11.25O/mm for 850nm light.
D. Sensor Characteristics
With BSO being optically active, changes in linear birefringence due to the Pockels effect can cause both a change in elliplicity and a rotation of the output polarisation ellipse [lo] . The combination of the two leads to a sensor characteristic derived in references [12, 131. For a circularly polarised input state, and for small signals such that A/3 << 20 the intensity modulation is given by the following.
sinet-
In general, for a voltage sensor, it would be desirable to maximise the slope of this equation such that a change in A/3 would produce a maximum change in output. It can be seen that the length of the crystal, z, and 4, the angle of the analysing polariser relative to the crystallographic axes are critical. The crystal length must be chosen such to maximise the overall effect taking into account its effect on both the internal field and the siner factor in the above equation.
In order to ensure optimum alignment of the analysing polariser a test rig was developed which allowed the polariser to be rotated with respect to the crystal while in an AC electric field. The analyser was bonded to the crystal when maximum sensitivity was observed.
E. Tesiiiig
Tests were conducted using the BSO crystal Sensor system for linearity of response and repeatability. The voltage source used for the experiments was a 240:3000 voltage transformer driven by a variac. The system was capable of producing 3250 volts between two plane electrodes. Two electrode systems were set up to enable testing of the sensor. 0 The second electrode system is shown in figure 9 .
The electrodes are held in part of the sensor housing, 15" apart, at either end of the crystal. Testing at field levels in excess of 15OkV/m was carried out using this system and the results are shown in figure  8 . The errors are the residuals measured from a least squares line of best fit.
The frequency response of the voltage sensor was tested using a small pulse transformer designed to provide fast rise time pulses of up to 30kV. Input pulses to the transformer were controlled via an SCR and the HV output pulses were applied to the sensor via the electrodes shown in fig 9. The frequency response of the system is limited to 250kHz by the detector electronics. The sensor was capable of measuring the HV pulses with rise time up to lp s. Faster pulses were attenuated by electronic filters in the system. The high voltage measurements were taken using a XO.001 probe and a digital voltmeter (DVM). An rms reading of detector output was also taken via a DVM. The sensor showed a reasonably linear response, within the accuracy of measurement apparatus,the signal viewed on an oscilloscope clearly followed that of the voltage transformer.
V I . COMBINED CURRENT A N D VOLTAGE SENSOR
Reviewing the previous sections detailing optical current and voltage sensors it is apparent there is much common to both devices, including the general optical systems, unlinked nature and potential compensation schemes. Whilst there will always remain the requirement for separate current and voltage transducers on a power network, there is little doubt a combined optical current and voltage unit, offering the flexibility of unlinked de- vices, would be an attractive option to many power utilities and manufacturers.
Current work into the design of a combined unit is concentrating on integration of the sensor heads and materials involved, and identifying areas of increased fuctionality created by such a device.
VII. CONCLUSIONS
Research and development work into unlinked optical current and voltage sensors has been reported. The reasons for choosing to develop unlinked. devices, descriptions of the materials involved, the problems encountered and expected solutions and general 'engineering' problems such as ease of maintenance and redundancy of operation have been discussed.
It is appreciated that power utilities worldwide now view optical current and voltage measurement devices as replacements for conventional devices within the next 5 -10 years. Furthermore, following approval for reliability and performance, and hopefully achieving a competetive unit cost, the authors believe many power companies would have preference for "all optical" units over hybrid devices.
Bearing these points in mind, work is continuing in an effort to realistically achieve these applications, and further developments will be reported in the future.
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